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Expression of a dominant-negative Wnt 
blocks induction of MyoD in 
Xenopus embryos 
Stephan Hoppler, Jeffrey D. Brown, 1 and Randall T. Moon 2 
Howard Hughes Medical Institute, ~Molecular and Cellular Biology Program, and Department of Pharmacology, University 
of Washington School of Medicine, Seattle, Washington 98195-7750 USA 
During gastrulation of Xenopus embryos the prospective mesoderm is induced initially with domains of dorsal 
and ventral fate, then further patterned to generate somitic mesoderm by signals from the gastrula organizer. 
Although Xwnt-8 is expressed in future ventrolateral mesoderm and induces prospective epidermis to 
differentiate in vitro as ventral mesoderm, no loss-of-function studies have demonstrated a requirement for 
Wnt signaling for the normal expression of mesodermal genes in the gastrula. We report development of a 
dominant-negative Wnt (dnXwnt-8) that inhibits embryonic responses to Wnt signaling in a cell- 
nonautonomous fashion. By expressing dnXwnt-8 in Xenopus embryos, we uncover a requirement of Wnt 
signaling for localized expression in prospective mesoderm of XMyoDa and Xenopus-posterior (Xpo). Because 
ectopic expression of functional Xwnt-8 in the dorsal marginal zone of the gastrula induces ectopic XMyoDa 
and Xpo, both gain-of-function and loss-of-function experiments support a model in which endogenous Xwnt-8 
functions to induce expression of genes involved in specification of ventral and somitic mesoderm. 
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Wnts are an evolutionary conserved family of secreted 
proteins that mediate cell-cell signaling (for review, see 
Nusse and Varmus 1982; Parr and McMahon 1994). At 
least two functional classes of Wnt proteins are ex- 
pressed in Xenopus embryos (Duet al. 1995; Torres et al. 
1996), as are homologs of genes described in Drosophila 
as components of a Wnt signaling pathway (for review, 
see Yost et al. 1996). In Xenopus embryos, maternal Wnt 
signaling has been implicated in specification of the em- 
bryonic axes (for review, see Cui et al. 1995; Yost et al. 
1996), whereas zygotic Wnt signaling pathways may be 
involved in patterning the ventral mesoderm (Christian 
and Moon 1993), regulating anteroposterior neural gene 
expression (McGrew et al. 1995), and modulating mor- 
phogenetic movements (Tortes et al. 1996). 
Several lines of evidence suggest a role for zygotic 
Xwnt-8 in the patterning of mesoderm in the gastrula 
(Christian and Moon 1993). First, endogenous Xwnt-8 is 
expressed primarily in the prospective ventrolateral me- 
soderm during gastrulation (Christian et al. 1991; Smith 
and Harland 1991). Second, ectopic expression of Xwnt-8 
from a promoter transcribed after the blastula stage di- 
verts the fate of the prospective ectoderm of the animal 
pole to differentiate in vitro with the histological char- 
acteristics of ventral mesoderm. Third, overexpression of 
Xwnt-8 from this promoter ventralizes the in vitro dif- 
2Corresponding author. 
ferentiation of animal pole tissue initially induced by 
activin to form dorsal mesoderm. Fourth, ectopic expres- 
sion of Xwnt-8 in the prospective dorsal mesoderm at the 
stage when endogenous Xwnt-8 is expressed diverts the 
fate of prospective dorsal mesodermal cells to differenti- 
ate as more lateral tissue, including somitic muscle 
(Christian and Moon 1993). 
Despite its pattern of expression and activities in gain- 
of-function experiments, it has not heretofore been pos- 
sible to test whether Xwnt-8 is actually required for the 
development of ventral and lateral mesoderm. Here, we 
describe both loss-of-function and reciprocal gain-of- 
function experiments that test and confirm the hypoth- 
esis that endogenous Xwnt-8 functions at gastrulation to 
pattern the prospective tissues of the ventral as well as 
the lateral mesoderm. 
Results 
To test the requirement for Wnt activities in the induc- 
tion and patterning of mesoderm in the Xenopus gas- 
trula, we designed and tested mutant  proteins for their 
ability to inhibit the responses of Xenopus embryos to 
Wnt signaling. A mutant  allele of Dwnt-1 that encodes a 
secreted protein with a substantial carboxy-terminal de- 
letion [$84 (Couso and Martinez Arias 1994); amino acid 
sequence identical to CE7 (Bejsovec and Wieschaus 
1995)] was reported to have antimorphic effects in age- 
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netically sensitized background (Couso and Martinez 
Arias 1994) (see Fig. 1 for sequence), but in our assays it 
did not unequivocally antagonize the axis duplicating 
activity of ectopic Xwnt-8  (not shown). We then trun- 
cated Xwnt-8  in an attempt to generate a dominant-neg- 
ative Wnt. Because the site of the $84/CE7 truncation 
maps to a region not conserved in vertebrate Wnts (Fig. 
1), we constructed two mutants  of Xwnt-8  encoding 
truncated proteins using a PCR-based method and tested 
these mutants  in the assays described below. One 
Xwnt-8 truncation (subsequently referred to as dnXwn t- 
8, see Fig. 1) was found that proved to strongly inhibit 
embryonic responses to Wnt signaling (see below). 
dnXwnt-8 blocks Wnt- induced  axis duplication 
When Xwnt-8  RNA is injected into the ventral marginal 
zone of cleavage-stage Xenopus embryos, ectopic 
goosecoid (gsc)is induced (Fig. 2D)(Christian et al. 1991) 
and the embryos develop with two axes and heads 
(Fig. 2C). Strikingly, when both dnXwnt-8  and wild- 
type Xwnt-8  RNAs are injected, we find a single domain 
of gsc expression (Fig. 2F) and embryos that develop 
with a single embryonic axis (Fig. 2E). dnXwnt-8  RNA 
is also able to block the axis inducing activity of other 
Wnt genes with axis duplicating activity, such as Xwnt-  
3A (Wolda et al. 1993), Wnt-1 (McMahon and Moon 
1989; Table 1), and Xwnt-8b  (Cui et al. 1995; data not 
shown). However, dnXwnt-8  does not inhibit axis dupli- 
cation or ectopic gsc expression in response to either a 
member of the transforming growth factor family, BVgl 
(Kessler and Melton 1995)(Table 1), or ectopic A/3-cate- 
nin (Fig. 2G,H; Table 1), an active form of [3-catenin that 
is a known cytoplasmic component of the Wnt signal 
transduction pathway (Yost et al. 1996). When dnXwnt-8 
RNA is injected together with RNA encoding Xwnt-5A, 
a representative of a class of Wnts without axis duplicat- 
ing activity (for review, see Du et al. 1995), embryos 
develop with the characteristic phenotype of Xwnt-SA-  
injected embryos (not shown). We conclude from these 
results that dnXwnt-8  specifically blocks the activity of 
members of the functional class of Wnt genes that are 
able to duplicate the embryonic axis. This inhibition can 
be overcome with an excess of wild-type Xwnt-8  (Table 
2). The inhibition is, however, much stronger if dnX- 
wnt-8 RNA is injected before wild-type Xwnt-8  RNA 
(Table 2, cf. A and B). Truncation of murine Wnt-1 at an 
equivalent position also generates a dominant-negative 
protein able to block the axis-inducing activities of both 
Wnt-1 and Xwnt-8  (Table 1). 
dnXwnt-8 functions in a cel l -nonautonomous manner  
To test whether translation of other Wnts is affected by 
dnXwnt-8,  we injected RNA encoding Xwnt-8 tagged 
with a c-myc epitope (Xwnt-8myc; Christian and Moon 
1993). Injected X w n t - 8 m y c  RNA is able to duplicate the 
embryonic axis, an activity that is blocked by dnXwnt-8  
(not shown, but identical to Fig. 2E, F). Despite the block 
in axis induction, dnXwnt-8  does not affect the expres- 
sion of Xwnt-8myc protein (Fig. 3, cf. B with A, controls). 
We conclude that dnXwnt-8  blocks embryonic responses 
to members of the Wnt-1 functional class without inter- 
fering with their synthesis. 
To test whether dnXwnt-8  functions cell autono- 
mously, we injected RNAs encoding Xwnt-8myc and 
dnXwnt-8 in mutually exclusive populations of cells 
(Fig. 3C, D). We find that dnXwnt-8  acts in a cell-nonau- 
tonomous manner to block the axis duplicating activity 
of Xwnt -8myc  and to repress the ectopic induction of gsc 
in the ventral marginal zone of gastrula embryos (Fig. 3, 
cf. F, representative of >50 embryos assayed, with E, 
Dwnt-~:MDISYIFVICLMALCSGGSSLS~VEGK~KSGRGRGSMWWGIAKVgRPNNITPIMYMDPAIHSTLRRKQRRLVRDNPGVLGALVKGANLAISEC~H~FRNR (i00) 
Wnt-~MGLWALLPSWVSTTTJ~L~LTALPAA~SSGRWWGIVNIASSTNLLTDSKSLQLVLRPSL~LLSRK~RRLIRQNPGILHSVSGGL~SAVRE~KwQFRNR (i00) 
Xwnt-8:MQNTTLFILATLLIFCPFFTASAWSVNNFLMTGPKAYLTYSASVAV ...................................... GAQNGIEECKYQFAWE (62) 
C 
Dwnt - 1 : RWNC STRNF SRGKNLFGK IVDRGCRETSF IYAI TSAAVTHS IARAC S EGT I E SCTCDY SHQ SRSPOANHOAGSVAGVRDWEWGGC SDN I GFGFKF SREFV (200) 
Wnt-1 : RWNCPT... APGPHLFGKIVNRGCRETAFIFAITSAGVTHSVARSCSEGSIESCTCDYRRRGP ............ GGPDWHWGGCSDNIDFGRLFGREFV ( 185 ) 
Xwnt-8 :RWNCPE... STLOLATHNGLRSATRETSFVHAISSAGVMYTLTRNCSMGDFDNCGCDDSRNGRI ........... ~GRGWVWGGC$DNAEFGERISKLFY ( 148 ) 
C C C C C 
Dwnt - 1 : DTGERGRNLREKMNLHNNEAGRAHVO~ RMROECKCHGM$G S CTVKTCWM~ LA~RVI GDNLKARFDGATRVOVTNS LRATNALAPVS PNAAG SNSVG SNG (300) 
Wnt- 1 : DSGEKGRDLRFLMNLHNNEAGRTTVFSEMR~EcKcHGMSG$CTv~TCWMRLPTLRAvGDVLRDRFDGASRvLYGNRGSNRASRAELL ............. ( 272 ) 
Xwnt - 8 : DGLETGODARALMNLHNNEAGRLAVKETMKRTCKCHGI SGSCS IQTCWLQLARFRDIGNHLKIKHDOALKLEMDKRKMRSGNSADNR ............. ( 235 ) 
C C C C 
Dwnt-i : LIIP•SGLVYGEEEERMLNDHMPDILLENSHPISKIHHPNMPSPNSLPQAGQRGGRNGRR•GRKHNRYHFQLN•HNPEHK••G•KDLVYLEP•P•FCEKN ( 400 ) 
Wnt-1 : ...................................................................... RLEPEDpAHKPPSPHDLVYFEKSPNFCTYS ( 302 ) 
Xwnt-8 : ........................................................................ GAIADAFSSVAGSELIFLEDSPDYCLKN (263) 
C 
Dwnt-i : LRQGILGTHGRQC ..... NETSLGVDGCGLMC.. CGRGYRRDEVIrgMERCACTFHWCCEVKCKLCRTKKVIYTCL* ( 468 ) 
Wnt-i 9 GRLGTAGTAGRAC ..... NSSSPALDGCELLC.. CGRGHRTRTQRVTERCNCTFHWCCHVSCRNCTHTRVLHECL* ( 370 ) 
Xwnt-8 : ISLGLQGTEGRECLQSGKNLSQWERRSCKRLCTDCGLRVEEKKTEI I SSCNCKFHWCCTVKCEQCKQVVI KHFCARRERDSNMLNTKRKNRGHRR* ( 358 ) 
C C C C C CC C C C 
Figure 1. Truncated Wnt protein sequences. Alignment of the amino acid sequences for Dwnt-1 (wingless), mouse Wnt-1, and 
Xwnt-8. Periods represent gaps in the sequence alignment; the position of conserved cysteine residues are indicated by the letter C 
below the aligned sequences. The underlined letters represent the sequence of the truncated protein encoded by the Dwnt-1 mutant 
alleles $84 and CE7 and the amino acid sequence of dnWnt-1 and dnXwnt-8, truncated Wnt-1 and Xwnt-8 proteins, respectively, with 
dominant-negative activity. A truncation of Xwnt-8 at position 230, which results in a 30-amino-acid-shorter protein than dnXwnt-8, 
had only weak inhibitory activity. 
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controls) suggesting that it interferes wi th  embryonic  re- 
sponses to Wnt signaling following its secretion. 
Figure 2. dnXwnt-8 inhibits gsc induction and axis duplica- 
tion by Wnts. Development of tadpoles (A, C,E, G, anterior to the 
left) and gsc in situ hybridization of gastrula-stage embryos 
(B,D,F,H). Embryos were injected at the four-cell stage with 
-300 pg of control RNA (A-D) or dnXwnt-8 RNA (E-H) into 
each ventral blastomere and again at the 8- to 16-cell stage into 
the ventral marginal zone with -25 pg of RNA encoding 
Xwnt-8 (C-F) or -60 pg of A[3-catenin RNA (G,H). The RNA 
amounts were based on first establishing the lowest amount of 
each required to elicit a duplication of the axis in most embryos. 
Embryos injected with control RNA develop with a single head 
{A) and a single domain of gsc expression (B, indicated by ar- 
rowhead). When injection of control RNA is followed by a sec- 
ond injection of RNA encoding wild-type Xwnt-8, embryos de- 
velop with a duplication of the embryonic axis (C, two heads 
indicated by arrowheads) and with an ectopic domain of gsc 
expression (D, two gsc expression domains indicated by arrow- 
heads). When dnXwnt-8 RNA injection precedes that of RNA 
encoding wild-type Xwnt-8, axis duplication is repressed; em- 
bryos develop with one head (E) and with a single domain of gsc 
expression (F, indicated by arrowhead). Injection of dnXwnt-8 
RNA does not affect the axis duplicating activity of subse- 
quently injected A[3-catenin RNA, and tadpoles develop with 
two heads (G, indicated by arrowheads) and with an ectopic 
domain of gsc expression (H, two gsc expression domains indi- 
cated by arrowhead). Note that dnXwnt-8 RNA injections spe- 
cifically inhibit Wnt-induced axis duplication (see also Table 2). 
dnXwnt-8 represses the activity of ectopic Xwnt-8 
expressed later in development 
We then undertook three different experiments  to test 
whether dnXwnt-8 could block the activity of Xwnt-8 
during later stages of development,  when  endogenous 
Xwnt-8 is expressed (Christian et al. 1991). The first as- 
say was based on expression of Xwnt-8 in an imal  pole 
explants after mid-blastula transition, using a constitu- 
tive promoter (CSKA Xwnt-8; Chris t ian and Moon 
1993). As shown in Figure 4A, Xwnt-8 expressed in this 
manner  reduces the abili ty of activin to induce gsc, con- 
comitant  wi th  elevating expression of the ventral mar- 
ginal zone marker, Xpo (Xenopus-posterior; Sato and Sar- 
gent 1991). Coexpression of dnXwnt-8 along wi th  CSKA 
Xwnt-8 leads to a pattern of gene expression indistin- 
guishable from that of control an imal  pole explants 
treated wi th  activin (Fig. 4A). This assay demonstrates 
that dnXwnt-8 blocks the activity of CSKA Xwnt-8, 
which expresses Xwnt-8 at a s imilar  t ime as the endog- 
enous gene. 
The second test exploits the observation that blastula 
animal  pole explants from CSKA Xwnt-8-injected em- 
bryos develop vesicular structures and ventral mesoder- 
mal  cell types when cultured wi thout  exogenous growth 
factors (Fig. 4, cf. C wi th  B, control explants; Table 3A; 
Christ ian and Moon 1993; Cunliffe and Smith 1994). 
When animal  pole explants are injected wi th  both CSKA 
Xwnt-8 DNA and dnXwnt-8 RNA, the induct ion of ve- 
sicular structures by CSKA Xwnt-8 is greatly reduced 
and the explants resemble untreated ones (Fig. 4, cf. D 
with B, controls; Table 3A). 
The third assay relies on the observation that targeting 
CSKA Xwnt-8 to the dorsal marginal  zone causes devel- 
opment of tadpoles in which  dorsoanterior structures are 
reduced and tissues develop wi th  more lateral fates (Fig. 
4F; Christ ian and Moon 1993). This  Wnt-mediated per- 
turbation of development is antagonized by dnXwnt-8; 
embryos injected wi th  both CSKA Xwnt-8 plasmid and 
dnXwnt-8 RNA into the dorsal marginal  zone develop 
anterior structures such as cement  gland and eyes (Fig. 
4G; Table 3B). The data from these three independent 
assays establish that dnXwnt-8 RNA antagonizes embry- 
onic responses to ectopic Xwnt-8 expressed after the 
blastula stage, when  the endogenous gene is expressed, 
and therefore set the stage to perturb endogenous Xwnt 
signaling. 
dnXwnt-8 reduces the expression of endogenous 
XMyoD and other genes in the prospective ventral and 
somitic mesoderm at early gastrulation 
We injected a high dose of dnXwnt-8 RNA into the mar- 
ginal zone of each blastomere of four-cell embryos and 
analyzed the resulting phenotype of tailbud-stage em- 
bryos by morphology (Fig. 5A, B) and histology (Fig. 
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Tab le  1. dnXwnt-8 inhibits Wnt-induced axis duplication 
Ventrally injected RNA Neurula embryonic phenotype gsc in situ b 
four-cell 16-cell single-axis double-axis other a one gsc two gsc 
injection injection N (%) (%) (%) N domain (%) domains (%) 
Control Xwnt-8 138 8 92 0 33 3 97 
dnXwnt-8 Xwnt-8 123 84 8 8 29 100 0 
Control Xwnt-3a 40 5 82 13 N.D. N.D. N.D. 
dnXwnt-8 Xwnt-3a 48 73 6 21 N.D. N.D. N.D. 
Control Af3ca t 81 2 96 2 44 7 93 
dnXwnt-8 Af3cat 81 6 80 14 77 10 90 
Control BVgl 58 16 84 0 32 6 94 
dnXwnt-8 BVgl 59 3 61 36 33 6 94 
Control Wnt- 1 17 6 94 0 N.D. N.D. N.D. 
dnWnt-1 Wnt-1 17 100 0 0 N.D. N.D. N.D. 
dnWnt-1 Xwnt-8 17 88 12 0 N.D. N.D. N.D. 
Neurula (stage 20) embryos were scored for the development of an ectopic dorsal axis. Gastrula-stage embryos were scored for an 
ectopic domain of gsc expression, determined by in situ hybridization (an early molecular indication of axis duplication). Embryos were 
injected at the four-cell stage into the marginal zone of two ventral blastomeres with either control RNA, dnXwnt-8 RNA, or dnWnt-1 
RNA as indicated. At the 16-cell stage, one ventral blastomere was injected with different RNA species encoding proteins that are 
known to duplicate the embryonic body axis, such as Xwnt-8, Xwnt-3A, Af~-catenin (AI3cat), a chimeric protein BMP-4-Vgl (BVgl), and 
Wnt-1. Note that both dnXwnt-8 and dnWnt-1 each inhibit the activity of several members of the Wnt protein family, but that 
dnXwnt-8 does not affect the activity of molecules that are not members of the Wnt family. For details, see Fig. 2. 
aSevere gastrulation defects prevented scoring of these embryos. 
B(N.D.) Not determined. 
5C,D), and by studying region-specific gene expression in 
gastrula-stage embryos (Figs. 5E, F and Fig. 6A-D). The 
morphology of dnXwnt-8-injected embryos was found to 
be clearly abnormal  (Fig. 5B, as compared wi th  Fig. 5A, 
controls). The embryonic  axis is shortened, and the head 
region appears to be enlarged when compared with the 
trunk. Most embryos appear to have some minor  gastru- 
lation defects, although ini t iat ion of gastrulation does 
not seem to be affected significantly. Histological anal- 
ysis of cross sections through the trunk region of 23 em- 
bryos reveals that dorsal mesodermal  derivatives such as 
notochordal tissue are present (87%) but that more lat- 
eral mesodermal  derivatives, such as somitic muscle are 
reduced or absent (100%) (Fig. 5D, as compared with Fig. 
5C, representative control embryo). To confirm that dor- 
sal development  was not reduced in dnXwnt-8-injected 
embryos, we assayed gene expression of dorsal markers 
at late blastula-ear ly  gastrula stages, dnXwnt-8 RNA 
does not block the expression in the dorsal marginal 
zone of gsc (Cho et al. 1991; Fig. 5E), noggin (Smith and 
Harland 1992; data not shown), or Xnr3 (Xenopus n_odal- 
related; Smith et al. 1995; Fig. 5F). 
Histological analysis of cross sections through the 
t runk region of dnXwnt-8-injected embryos (Fig. 5D) was 
consistent wi th  reduced development of lateral and ven- 
tral mesodermal  tissues. Staining with a muscle-specific 
antibody (25 embryos) confirmed that somitic muscle is 
clearly reduced or absent (100%; data not shown). This 
led us to ask whether  this phenotype correlated wi th  
reduced expression of ~rentrolateral mesodermal genes in 
gastrula-stage embryos. We first investigated the expres- 
sion of Xpo, which  is ubiqui tously expressed at low lev- 
els during blastula stages (Sato and Sargent 1991) and 
becomes restricted to the ventrolateral marginal zone 
by the mid-gastrula stage (Amaya et al. 1993). We find 
that the localized induction of Xpo in the ventrolateral 
marginal zone (control embryos; Fig. 6B) is blocked in 
embryos injected wi th  dnXwnt-8 RNA and only rem- 
nants of the earlier ubiquitous expression is observed 
(Fig. 6D; see also Table 4A). Injection of dnXwnt-8 RNA 
in only one lateral side of an embryo results in repres- 
sion of Xpo only in the injected side (data not shown). 
We then monitored the expression of the Xenopus ho- 
meo box gene Evxl (Ruiz i Altaba and Melton 1989; 
known previously as Xhox3) by semiquant i ta t ive  RT-  
PCR on ventral and dorsal halves of gastrula-stage em- 
bryos. Whereas control embryos showed a clear enrich- 
ment  in Evxl expression in ventral  relative to dorsal 
halves, dnXwnt-8 RNA-injected embryos had greatly re- 
duced Evxl expression in ventral halves (data not 
shown). 
The most interesting effect of dnXwnt-8 on expression 
of endogenous genes came from the analysis of XMyoDa, 
which encodes a Xenopus homolog of the myogenic tran- 
scription factor MyoD (Hopwood et al. 1989; Harvey 
1990; Scales et al. 1990). There are several phases of 
XMyoDa expression in normal  embryos. Unlocalized 
maternal  transcripts can be found in oocytes and early 
embryos (Harvey 1990; Scales et al. 1990). Low-level 
ubiquitous zygotic expression begins at blastula stage 
(Rupp and Weintraub 1991), followed by stronger local- 
ized expression induced in the lateral but also ventral 
marginal zone of early gastrula embryos (Frank and Hat- 
land 1991). The ventral expression subsequently fades, 
and XMyoDa expression becomes restricted to the pre- 
sumptive somites in the lateral marginal  zone of late 
gastrula stage embryos (e.g., Hopwood et al. 1989; 
Harvey 1990). Our experiments show that injected 
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Table 2. dnXwnt-8 inhibits Xwnt-8-induced axis duplication in a concentration- and time-dependent manner 
A. 
Injected RNA Neurula embryonic phenotype 
at two-cell stage at 16-cell stage N 1 axis (%) 1.5 axes (%) 2 axes. (%) dorsalized (%) 
Control (1000 pg) Xwnt-8 (50 pg) 57 9 16 75 0 
dnXwnt-8 (1000 pg) Xwnt-8 (50 pg) 79 99 1 0 0 
dnXwnt-8 (250 pg) Xwnt-8 (50 pg) 86 99 1 0 0 
dnXwnt-8 (50 pg) Xwnt-8 (50 pg) 108 92 8 0 0 
dnXwnt-8 (50 pg) Xwnt-8 {250 pg) 113 27 26 13 34 
dnXwnt-8 (50 pg) Xwnt-8 (1000 pg) 63 3 5 2 90 
Injected RNA Neurula embryonic phenotype 
at four-cell stage at four-cell stage N 1 axis (%) 1.5 axes (%) 2 axes (%) dorsalized (%) 
Control (250 pg) Xwnt-8 (50 pg) 94 0 0 100 0 
dnXwnt-8 (1000 pg) Xwnt-8 (50 pg) 49 100 0 0 0 
dnXwnt-8 (250 pg) Xwnt-8 (50 pg) 84 39 61 0 0 
dnXwnt-8 (50 pg) Xwnt-8 (50 pg) 96 0 0 100 0 
Late neurula (stage 22) embryos were scored for the development of an ectopic axis. 1.5 axes indicates embryos whose ectopic axis does 
not form a cement gland. 
(A) Embryos were first injected at the two-cell stage into the ventral marginal zone with different amounts of dnXwnt-8 RNA (as 
indicated) and then at the 16-cell stage into two ventral marginal blastomeres with different amounts of Xwnt-8 RNA (as indicated). 
Note that with this injection protocol dnXwnt-8 RNA almost completely represses the activity of equal amounts of Xwnt-8 RNA and 
that the inhibitory effect of dnXwnt-8 can be overridden only with a large excess of Xwnt-8 RNA. 
{B) Embryos were injected at the four-cell stage into the ventral marginal zone with different amounts of dnXwnt-8 RNA (as indicated) 
and with different amounts of Xwnt-8 RNA (as indicated). Note that with this injection protocol dnXwnt-8 RNA cannot repress the 
activity of equal amounts of Xwnt-8 RNA but that a large excess of dnXwnt-8 can repress the activity of Xwnt-8. 
dnXwnt-8 RNA represses both phases of localized 
XMyoDa expression in the marginal  zone of gastrula 
stage embryos (Fig. 6, cf. C wi th  A, controls; see also 
Table 4A). Injection of dnXwnt-8 RNA in only half of an 
embryo represses XMyoDa expression only on the in- 
jected side (data not shown). 
Because endogenous Xwnt-8 is expressed in the lat- 
eral and ventral prospective mesoderm (Christian et al. 
1991; Smith and Harland 1991), it appears l ikely that 
dnXwnt-8 RNA injections block the function of this 
gene. To further establish that Xwnt-8 functions in the 
lateral and ventral marginal  zone to induce the expres- 
sion of Xpo and XMyoDa, we sought to override the in- 
hibi t ion of Wnt signaling by overexpressing wild-type 
Xwnt-8 in ventrolateral cells of embryos injected previ- 
ously wi th  dnXwnt-8 RNA. The expression of both Xpo 
(Fig. 6F) and XMyoDa (Fig. 6E) could be rescued by in- 
jecting CSKA Xwnt-8 D N A  into one ventrovegetal blas- 
tomere of eight-cell embryos, whereas injection of con- 
trol D N A  at the same concentration was not able to 
enhance the expression of these genes (not shown, but 
identical  to Fig. 6C, D; see also Table 4B). 
Ectopic Xwnt-8 induces ectopic expression of XMyoD 
and Xpo, marker genes for prospective ventral and 
somitic mesodermal tissue at early gastrulation 
Because expression of XMyoDa and Xpo in the prospec- 
tive ventral and lateral mesoderm is dependent on Wnt 
signaling, the restriction of endogenous Xwnt-8 expres- 
sion to the ventrolateral marginal  zone during gastrula- 
tion might  be sufficient to explain the lack of expression 
of these genes in the dorsal marginal  zone. To test this 
hypothesis, we targeted CSKA Xwnt-8 DNA to the dor- 
sal or ventral marginal  zone of the gastrula as in Chris- 
tian and Moon (1993) and monitored the expression of 
XMyoDa and Xpo transcripts. In uninjected embryos 
there is a gap of expression of both genes on the dorsal 
side above the dorsal lip. In the case of XMyoDa this 
dorsal exclusion is very pronounced (Fig. 6A, G; see also 
Table 4C), whereas the dorsal gap in Xpo expression is 
more diffuse (Fig. 6B, H; see also Table 4C). When CSKA 
Xwnt-8 is targeted to the dorsal marginal  zone, the do- 
main  of expression of XMyoDa (Fig. 6I; Table 4C) and 
Xpo (Fig. 6J; Table 4C) now includes the dorsal marginal  
zone. These data demonstrate that Wnt  signaling is not 
only required for the expression of these genes (see above 
loss-of-function analyses), but that Xwnt-8 is also suffi- 
cient in the marginal  zone for expression of these genes. 
D i s c u s s i o n  
The requirement of Wnt signaling for ventrolateral 
mesoderm 
Intercellular signaling has long been implicated in the 
es tabl ishment  of cell fate wi th in  different regions of the 
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Figure 3. dnXwnt-8 blocks embryonic re- 
sponses to Xwnt-8 in a cell nonautonomous 
manner. (A,B) Embryos were first injected at the 
four-cell stage with either -300 pg of control 
RNA (A) or dnXwnt-8 RNA (B) into the mar- 
ginal zone of both ventral blastomeres and 
again at the 16-cell stage (A,B) into a single ven- 
tral marginal blastomere with -50 pg of Xwnt- 
8myc RNA. At gastrula stage 10, embryos were 
fixed and stained for expression of the c-myc 
epitope (dark brown staining), which revealed 
that dnXwnt-8 does not affect the expression of 
Xwnt-8myc [cf. B with A, control), although it 
blocks its axis-duplicating activity (not shown, 
but identical to Fig. 2E, F). (C) Drawing (Nieuw- 
koop and Faber 1967) explaining the design of 
the nonautonomy experiment in D-F, with five 
cells (red hatched) being injected at the early 
16-cell stage (indicated by arrows) with lineage 
tracer (phenol red and 13-galactosidase RNA) and 
~250 pg of RNAs [either dnXwnt-8 RNA or a 
control RNA). Then, at the late 16-cell stage the 
central cell [white cell within the red hatched 
area indicated by an asterisk (*)] was injected 
with -25 pg of Xwnt-8myc RNA. (D) Blastula- 
stage embryos injected as in C were processed 
for [3-galactosidase activity (blue) and c-myc 
epitope localization (light brown). Note that the 
blue [3-galactosidase RNA-injected cells [indi- 
cated by arrowhead) do not overlap with the 
brown Xwnt-8myc RNA-injected cells [indi- 
cated by an asterisk (*)]. (E) An endogenous and 
an ectopic domain of gsc expression [solid arrowheads) are evident when control RNAs are injected into the five red cells as in C, 
followed by Xwnt-8myc in the central cell. (F) In contrast, injection of dnXwnt-8 into the five red cells as in C, followed by Xwnt-8myc 
into the central cell, had greatly reduced or no ectopic gsc expression (the shaded arrowhead indicates an ectopic domain of reduced 
gsc expression in the embryo at right). Note that dnXwnt-8 is able to block the induction of gsc (cf. F with E, control), even if the 
proteins are expressed in exclusive populations of cells, as shown with the complementary staining in D. 
Xenopus embryo (e.g., Nieuwkoop 1969). Recent studies 
have begun to identify candidate signal transduction 
pathways that may  be operative and required during em- 
bryonic induction. Focusing on the formation of ventral 
mesoderm, both BMP-4 (e.g., Dale et al. 1992; Fainsod et 
al. 1994; Graff et al. 1994; Schmidt et al. 1995; Stein- 
beisser et al. 1995) and zygotic Xwnt-8 (Christian and 
Moon 1993) have been identified as candidate secreted 
factors involved in the induct ion and patterning of this 
region of the embryo. 
Several new lines of evidence from the present study 
further implicate  Xwnt-8  in specifying ventral and lat- 
eral mesoderm. We have shown that expressing dn 
Xwnt-8  in regions that also express endogenous Xwnt-8 
reduces the development of somit ic  muscle and inhibi ts  
the expression at gastrula stage of the ventral and lateral 
genes Xpo (Sato and Sargent 1991; Amaya et al. 1993), 
Xenopus homeo box gene Evxl  (Ruiz i Altaba and Mel- 
ton 1989), and XMyoDa (Hopwood et al. 1989). Con- 
versely, we have shown that ectopic expression of func- 
tional Xwnt-8  in the dorsal marginal  zone of the gastrula 
induces ectopic expression of both XMyoDa and Xpo, 
concomitant  wi th  diverting the fate of this dorsal region 
to more lateral fates including skeletal muscle (Christian 
and Moon 1993). Taken wi th  the observation that ex- 
pression of Xwnt-8 is normal ly  highly enriched in the 
ventrolateral prospective mesoderm (Christian et al. 
1991; Smith and Harland 1991), these new loss-of-func- 
tion and gain-of-function data establish a role of endog- 
enous Xwnt-8 in the induct ion of genes l ikely to be in- 
volved in regulating ventrolateral mesodermal  fate. 
There are some noticeable parallels between functions 
of BMP-4 and Xwnt-8.  Endogenous expression of both 
genes in the marginal zone of gastrula stage embryos is 
excluded from the dorsal side (Christian et al. 1991; 
Smith and Harland 1991; Fainsod et al. 1994; Schmidt  et 
al. 1995). Furthermore, ectopic expression of Xwnt-8 
(from CSKA Xwnt-8 plasmid) in the dorsal marginal  zone 
of gastrula-stage embryos results in development of em- 
bryos with similar  phenotypes as those in which  BMP-4 
is ectopically expressed. However, there are also some 
crucial differences between Xwnt-8  and BMP-4. First, 
Xwnt-8 expression in the ventrolateral marginal  zone is 
induced in response to mesoderm induct ion (Christian et 
al. 1991; Christ ian and Moon 1993); BMP-4, on the other 
hand, is expressed in uninduced tissue (Dale et al. 1992; 
Fainsod et al. 1994; Schmidt  et al. 1995). Second, unl ike 
BMP-4 (e.g., Dale et al. 1992; Schmidt  et al. 1995), ec- 
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Figure 4. dnXwnt-8 inhibits Xwnt-8 expressed after the blas- 
tula stage. (A) RT-PCR analysis of gene expression in control 
stage 12 animal explants for a control marker (histone H4), 
a dorsal marginal zone marker (gsc), and a ventral marginal 
zone marker (Xpo). Embryos were injected at the two-cell stage 
into the animal pole of both blastomeres with -800 pg of 
control RNA or dnXwnt-8 RNA (as indicated at top) and -80 pg 
of CSKA Xwnt-8 plasmid DNA (where indicated at top), and 
animal caps were explanted and treated with activin (where 
indicated by + ) and subjected to analysis with RT-PCR. (B-D) 
Histological sections through animal pole explants. Embryos 
were injected at the two-cell stage into the animal pole of 
both blastomeres with -200 pg of control RNA (B), with -200 
pg of control RNA, and -30 pg of CSKA Xwnt-8 plasmid (C), or 
-200 pg of dnXwnt-8 RNA and -30 pg of CSKA Xwnt-8 plas- 
mid (D). Animal pole explants were prepared at stage 8, then 
cultured until sibling embryos reached stages 38-40. Note that 
dnXwnt-8 RNA represses the formation of vesicular structures 
induced by CSKA Xwnt-8 (see Table 3A). (E-G) Stage 40 em- 
bryos (anterior to the left and dorsal on the top) that developed 
from embryos injected at the four-cell stage into the marginal 
zone of both dorsal blastomeres with -200 pg of control RNA 
(E), -200 pg of control RNA mixed with -30 pg of CSKA 
Xwnt-8 plasmid (F), or -200 pg of dnXwnt-8 RNA mixed with 
-30 pg of CSKA Xwnt-8 plasmid (G). Note that dnXwnt-8 in- 
terferes with the Xwnt-8-mediated repression of dorsoanterior 
structures such as cement gland (indicated by small arrow- 
heads} and eyes (see also Table 3B). 
topic expression of Xwnt-8 (from CSKA Xwnt-8 plasmid) 
in the dorsal marginal  zone does not repress expression 
of gsc (Christian and Moon 1993). Third, we have shown 
here that repression of Wnt signaling does not result in 
ectopic expression of dorsal marginal  markers, unl ike 
repression of BMP signaling (e.g., Graff et al. 1994; 
Schmidt et al. 1995; Steinbeisser et al. 1995). 
Xwnt-8 is not expected to be sufficient for inducing 
XMyoDa in the prospective somitic mesoderm of gas- 
trula-stage embryos, because the expression pattern of 
the two genes are not identical at this stage (Christian et 
al. 1991; Frank and Harland 1991; Smith  and Harland 
1991). Although XMyoDa expression stays well  wi th in  
the putative signaling range of Xwnt-8-expressing cells, 
the wedge-like concentration gradient of MyoD tran- 
scripts (the more dorsal the higher) in the lateral mar- 
ginal zone of gastrula-stage embryos suggests a promot- 
ing influence from the dorsal mesoderm. Dorsal mar- 
ginal tissue has indeed been shown to be required for 
somitic development (Stewart and Gerhart 1990). A 
l ikely candidate for a dorsal signal promoting XMyoD 
expression is the secreted protein noggin, which  if added 
to prospective ventral tissue induces muscle  develop- 
ment  and muscle-specific gene expression (Smith et al. 
1993). On the other hand, there is recent evidence from 
other vertebrates that signaling factors of the hedgehog 
class are involved in the patterning of somites (Fan and 
Tessier Lavigne 1994) and in regulating MyoD expres- 
sion (Hammerschmidt  et al. 1996; Weinberg et al. 1996). 
Moreover, hedgehog signals were found to act in combi- 
nation with Wnt molecules in vitro to induce myogenic 
gene expression (M/insterberg et al. 1995). 
All three ventrolateral genes examined in this study 
encode putative transcription factors; Xpo encodes a pro- 
tein with a zinc finger domain of the type CCHC [Sato 
and Sargent 1991), Evxl encodes a homeo domain con- 
taining protein, and MyoD encodes a transcription factor 
wi th  a basic-hel ix- loop-hel ix  DNA-binding domain 
(Murre et al. 1989; Benezra et al. 1990). These factors 
may regulate the expression of structural genes that form 
the differentiated tissues observed at later stages. In Xe- 
nopus the expression of XMyoD from mid-gastrulation 
stage onwards outlines the presumptive somites, which  
develop into the major muscle  masses of the body, rais- 
ing the question as to whether  it is an important  regu- 
lator of myogenesis. Because injection of CSKA Xwnt-8 
into the prospective dorsal mesoderm induces XMyoDa 
(this paper) and causes the development  of ectopic 
somitic muscle  (Christian and Moon 1993) and because 
XMyoD is sufficient to induce some muscle  genes (Hop- 
wood and Gurdon 1990), it is l ikely that XMyoD is an 
important  regulator of myogenesis  in Xenopus. How- 
ever, mice lacking MyoD develop skeletal muscles  (Rud- 
nicki et al. 1992), and consistent wi th  this, we find that 
embryos injected wi th  dnXwnt-8 RNA develop at least 
some somitic tissue despite the repression of XMyoDa. 
We are intrigued by the possibil i ty that the role of 
Xwnt-8 somite formation and myogenesis in Xenopus 
may be conserved in vertebrate development.  Closely 
related Wnt molecules are expressed in zebrafish (wnt8; 
Kelly et al. 1995), as well  as chick and rat (Cwnt-8C and 
Rwnt-8C; Hume and Dodd 1993), in s imilar  patterns at 
comparable developmental  stages. Moreover, somitic 
muscle formation has recently been found to be induced 
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Table 3. dnXwnt-8 inhibits activity of Xwnt-8 expressed after the blastula stage 
A. Epidermis Small Large Mesothelium Mesenchyme Erythrocytes 
Injected molecules N I%) vesicles (%) vesicles (%) (%) (%) (%) 
Control RNA 33 
Control RNA + CSKA X8 DNA 56 
dnXwnt-8 RNA + CSKA X8 DNA 41 
79 21 0 3 12 0 
20 48 32 41 36 18 
54 46 0 34 41 7 
B. 
Injected molecules N 
Small CG Small CG, No CG, No CG, 
Normal eyes eyes eyes no eyes Other 
(%) normal (% } abnormal I% J cyclopic (%) (%) (%) 
Control RNA 16 100 0 
Control RNA + CSKA X8 DNA 28 4 0 
dnXwnt-8 RNA + CSKA X8 DNA 27 22 19 
0 0 0 0 
0 36 60 0 
26 33 0 37 
(A) Histological sections of animal explants cultured until sibling control embryos reached stage 36-40 and scored for differentiation 
of putative epidermal tissue (< 10% vesicular structures per area), tissue with small vesicles (between 10% and 50% vesicular structure 
per area) or putative ventral mesodermal tissue with large vesicles (50% and more vesicular structure per area). These sections were 
also scored for the appearance of cell types resembling those typical for ventral mesodermal tissue. Two-cell embryos were injected 
into the animal pole with a mixture of control RNA or dnXwnt-8 RNA {as indicated) and plasmid DNA encoding Xwnt-8 {CSKA X8). 
N represents the number of animal caps; for each animal cap several sections were examined. Note that Xwnt-8 induces vesicular 
structures and leads to the development of putative ventral mesodermal cell types, whereas dnXwnt-8 inhibits this activity. See Fig. 
4 for representative explants. 
(B) Tailbud stage embryos (-stage 40) were scored for the development of anterior structures, such as eyes and cement gland (CG). 
Embryos were injected at the four-cell stage into the marginal zone of both dorsal blastomeres with either control RNA or dnXwnt-8 
RNA (as indicated) mixed with CSKA Xwnt-8 plasmid DNA (CSKA X8). The term "normal" designates embryos with relatively 
normal development of the head region. A large proportion of the dnXwnt-8-injected embryos developed with relatively normal 
development of the head region. A large proportion of the dnXwnt-8-injected embryos developed other phenotypes ("other"), such as 
apparently shortened axis (see Figs. 4F and 5B), which did not affect the development or scoring of anterior structures. See Fig. 4 for 
representative embryos. 
in vi tro by W n t  s ignal ing  in chick  (M/insterberg et 
al. 1995; S tem et al. 1995). The  deve lopmenta l  role of 
Wnt  s ignal ing in musc le  fo rmat ion  m a y  even be con- 
served beyond vertebrates;  Dwnt-1 is both  required and 
suff icient  for the fo rmat ion  of a subset  of musc le  foun- 
der cells in Drosophila melanogaster (Baylies et al. 
19951. 
Inject ion of R N A  encoding m e m b e r s  of the  Wnt-1 
Figure 5. dnXwnt-8-injected embryos develop 
dorsal mesoderm but form defective somites. 
(A,C) Injection of - 3  ng of control RNA into 
cleavage-stage embryos leads to development 
of normal stage 36--38 embryos, both in terms 
of external morphology {A, anterior to left, dor- 
sal on top) and internal anatomy, as examined 
in histological cross section through the trunk 
region (C, dorsal on topJ. (B,D) When 1.5-3 ng 
of dnXwnt-8 RNA is injected, development is 
highly aberrant, embryos develop with a short- 
ened axis as well as a relatively enlarged head 
region (B), and histological cross section 
through such embryos (D) reveals that the no- 
tochord is enlarged and that somitic muscle tis- 
sue is reduced and disorganized. (E) Injection 
into the marginal zone of all four blastomeres 
of four-cell embryos with 1.5-3 ng of RNAs 
encoding either control protein (bottom) or 
dnXwnt-8 {top) results in normal expression of 
gsc. (F) Similarly, 1.5-3 ng of dnXwnt-8 (top) 
does not significantly reduce the level of ex- 
pression of Xnr3 compared with control em- 
bryos (bottom). (en)Endoderm; (no)notochord; 
(nt) neural tube; {sin) somitic muscle. 
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Figure 6. dnXwnt-8 blocks induction of 
XMyoDa and Xpo in the ventral and lateral 
marginal zone, whereas ectopic Xwnt-8 in- 
duces ectopic expression of these markers in 
the dorsal marginal zone. In situ hybridization 
(purple staining) of stage 101/4-101/2 embryos 
with probes for XMyoDa (A,C,E,G,I) and Xpo 
(B,D,F,H,J). (A,B) Control RNA (-3 ng) injec- 
tions into the marginal zone of all four blas- 
tomeres of four-cell embryos lead to normal ex- 
pression of both the lateral mesodermal marker 
XMyoDa (A) and the ventrolateral mesoder- 
mal marker Xpo (B). (C,D) When 0.8-3 pg of 
dnXwnt-8 RNA is injected, expression of 
XMyoDa is abolished (C) and localized Xpo 
RNA staining is greatly reduced (D) (see Table 
4A). (E,F) Overexpression of wild-type Xwnt-8 
(CSKA Xwnt-8, -100 pg) in one side of the ven- 
trolateral mesoderm of dnXwnt-8 RNA (-800 
pg)-injected embryos rescues the expression of 
the mesodermal markers XMyoDa (E, indicated 
by arrowheads) and Xpo (F, indicated by arrow- 
heads) predominantly on the side of injection 
(see also Table 4B). (G-J) In a gain-of-function 
analysis, CSKA Xwnt-8 DNA (-100 pg) was in- 
jected into the marginal zone of both dorsal 
blastomeres at the four-cell stage (L J) to ectop- 
ically express Xwnt-8 in the dorsal prospective 
mesoderm. Whereas ventral injected embryos 
have the normal dorsal gap of XMyoDa expres- 
sion [G, indicated by an open arrowhead; vege- 
tal view (left) and dorsal view (right) of the 
same embryo; see Table 4C], ectopic Xwnt-8 
expression results in the ectopic expression of 
XMyoDa in most dorsal prospective mesoderm 
[L indicated by a solid arrowhead; vegetal view 
(left) and dorsal view (right) of the same em- 
bryo]. Similarly, whereas uninjected embryos 
show only weak Xpo staining on the dorsal side 
[H, indicated by an open arrowhead; vegetal 
view (left) and dorsal view (right) of the same 
embryo; see also Table 4C], ectopic Xwnt-8 ex- 
pression also causes strong expression of Xpo in 
the dorsal prospective mesoderm [J, indicated 
by a solid arrowhead, vegetal view (left) and 
dorsal view (right) of the same embryo]. 
functional  class promotes the formation of an ectopic 
axis (for review, see McMahon and Moon 1989; Du et 
al. 1995), an activity that we find can be blocked by 
dnXwnt-8.  However, blocking Wnt signaling by inject- 
ing dnXwnt-8  RNA into the marginal  zone of early Xe- 
nopus embryos does not abolish all aspects of the endog- 
enous axis; though they are severely malformed, these 
embryos develop dorsal structures as determined by 
morphology and histology and the expression of dorsal 
mesodermal  genes is not blocked. These results suggest 
that Wnts may  not be required for establishing dorsal 
mesoderm. However, other data still support the in- 
volvement  of the Wnt signaling pathway in specifying 
the dorsal axis. Specifically, [3-catenin, a cytoplasmic 
component  of the Wnt signaling pathway, has been 
found to be required for axis formation (Heasman et al. 
1994), and it can be regulated post-translationally by 
GSK-3 in early embryos (Yost et al. 1996). Given this 
requirement  for [3-catenin, its l ikely regulation by endog- 
enous GSK-3, and the lack of effect of the dnXwnt-8  on 
the formation of the endogenous axis, it is conceivable 
that formation of the endogenous axis requires cytoplas- 
mic  components of the Wnt  pathway but not a Wnt 
ligand. 
A dominant-negative Wnt  protein 
By deleting a particular carboxy-terminal fragment of 
Xwnt-8, we generated dnXwnt-8, which  blocks embry- 
GENES & DEVELOPMENT 2813 
 Cold Spring Harbor Laboratory Press on February 27, 2016 - Published by genesdev.cshlp.orgDownloaded from 
Hoppler et al. 
Table 4. dnXwnt-8 inhibits induction of XMyoD and Xpo expression 
XMyoDa Lateral expression (%) Xpo Ventrolateral expression (%) 
A. 
Injected molecule N strong weak absent N strong medium weak or absent 
Uninjected 28 36 54 10 30 53 30 17 
Control RNA 25 48 44 8 26 54 35 11 
dnXwnt-8 RNA 27 0 26 74 46 4 33 63 
B. XMyoDa Lateral expression (%) Xpo Ventrolateral expression 
Injected molecule N present absent N strong weak or absent 
Uninjected 85 85 15 86 70 30 
dnXwnt-8 + CSKA CAT 44 0 100 65 3 97 
dnXwnt-8 + CSKA Xwnt-8 65 30 70 91 70 30 
XMyoDa Dorsal gap of expression (%) Xpo 
C. 
Injected molecule N clear diffuse absent N 
Dorsal gap of expression {%) 
clear diffuse absent 
Uninjected 25 92 8 0 19 42 47 11 
CSKA Xwnt-8 ventral 16 87 13 0 11 18 72 9 
CSKA Xwnt-8 dorsal 20 15 15 70 17 0 41 59 
(A) Expression of the lateral and ventral marginal markers XMyoDa and Xpo in gastrulation stage (stage 101/4-101/2) embryos as 
determined by in situ hybridization. Embryos were injected at the four-cell stage into the marginal zone of all four blastomeres. Note 
that dnXwnt-8 inhibits the localized gene expression of both XMyoDa and Xpo. Wnt signaling is therefore required for localized 
expression of these two genes. See Fig. 6A-D for representative embryos. 
(B) Expression of the lateral and ventral marginal markers XMyoDa and Xpo in gastrulation stage (stage 101/4-10'/2) embryos as 
determined by in situ hybridization. Embryos were first injected with dnXwnt-8 RNA at the four-cell stage into the marginal zone of 
all four blastomeres and then with the DNA species indicated at the eight-cell stage into one ventrovegetal blastomere. Note that 
overexpression of Xwnt-8 rescues the expression of both XMyoDa and Xpo in dnXwnt-8-injected embryos. See Fig. 6E, F for repre- 
sentative embryos. 
(C) Absence or presence of expression in the most dorsal marginal zone ("dorsal gap of expression") of the lateral and ventral marginal 
markers XMyoDa and Xpo in gastrulation stage (stage 101/4-101/2 embryos as determined by in situ hybridization. Embryos were 
injected with CSKA Xwnt-8 plasmid DNA at the four-cell stage into the dorsal marginal zone of the two dorsal blastomeres or into 
the ventral marginal zone of the two ventral blastomeres (as indicated). Note that dorsal Xwnt-8 expression causes XMyoD and Xpo 
to be expressed ectopically in the dorsal marginal zone. Xwnt-8 is therefore sufficient for the expression of these marker genes in 
marginal zone tissue. See Fig. 6G, H for representative embryo. 
onic responses  to W n t  s ignal ing  in a dominan t -nega t ive  
manner .  We in t roduced  the  same delet ion into  mouse  
Wnt-1 (dnWnt-1) and found tha t  it  also blocks responses 
to Wnts .  We find tha t  the i nh ib i t i on  caused by dnXwnt-8  
can be overr idden in two different  assays by providing an 
excess of Xwnt-8.  A l t h o u g h  we do not  k n o w  how dom- 
inan t -nega t ive  W n t s  interfere w i t h  embryon ic  responses 
to Wnts ,  we have  es tab l i shed  tha t  dnXwnt-8  func t ions  
cell  n o n a u t o n o m o u s l y .  Because we have also es tabl ished 
tha t  dnXwnt-8  does not  inh ib i t  the  s ignal ing ac t iv i ty  of 
ectopic f~-catenin, a cy top lasmic  componen t  of the Wnt  
s ignal ing  p a t h w a y  (for review, see Per r imon 1994), the  
ex is t ing  data suppor t  the  v iew tha t  dominan t -nega t ive  
Wnt s  func t ion  ext race l lu lar ly  as dominan t -nega t ive  
ligands. It is possible tha t  the  dominan t -nega t ive  Wnts  
block ac t iva t ion  of a pu ta t ive  Wnt  receptor by b inding to 
ext racel lu lar  factors n o r m a l l y  involved in present ing  en- 
dogenous W n t  l igands to a receptor, by b inding  but  not  
ac t iva t ing  a receptor,  or by forming  a nonfunc t iona l  het- 
e rodimer  w i t h  wi ld- type  Wnts  (see also Burrus and Mc- 
M a h o n  1995). Whicheve r  m e c h a n i s m  proves correct, we 
expect  tha t  dominan t -nega t ive  Wnts  wi l l  be general ly  
useful  in s tudying  the  m e c h a n i s m  and func t ions  of Wnt  
s ignal ing in a range of t i ssues  and organisms.  
Materia ls  and m e t h o d s  
Construction of dnXwnt-8 and dnWnt-1 
PCR primers designed to truncate Xwnt-8 DNA after the posi- 
tion encoding the peptide sequence SPDYC were synthesized. 
All primer sequences are given in the 5' ~ 3' orientation: for- 
ward, GCGAATTCCTTCATCATGCAAAACAC and reverse, 
GCGAATTCTCAGCAATAATCGGGAGAGTC. The primers 
for the equivalent truncation in Wnt-1 were forward, CCG- 
GAATTCCAGGCCATGGGGCTC and reverse, CCGGAAT- 
TCTCAGCAGAAGTTGGGCGATTTC. PCR was performed 
according to manufacturers' recommendations using AmpliTaq 
(Perkin-Elmer Cetus) or DeepVent (NEB) polymerases from 
plasmids encoding Xwnt-8 cDNA {Christian et al. 1991) or 
Wnt-1 cDNA {McMahon and Moon 19891. Note that each 
primer contains an EcoRI site at its 5' end, which enabled us to 
clone the PCR-amplified products into the EcoRI site of the 
CS2 + expression vector (gift from D. Turner, Fred Hutchinson 
Cancer Research Center, Seattle, WA). The resulting constructs 
dnXwnt-8 and dnWnt-1 were sequenced and found not to con- 
tain any point mutations. Each deletion construct was in vitro 
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translated and yielded proteins of the expected mobility on SDS 
gels (data not shown). 
Embryo methods 
Xenopus laevis (Daudin) eggs were collected and fertilized, and 
the embryos handled, cultured, and injected with RNA or plas- 
mid as described previously (Nieuwkoop and Faber 1967; Moon 
and Christian 1989; Christian and Moon 1993). Capped RNAs 
were prepared with the commercially available Message Ma- 
chine kit (Ambion) using linearized plasmid DNA as templates, 
which encode A~-catenin (a truncated form of ~-catenin; Yost et 
al. 1996); BVgl (Kessler and Melton 1995); Xwnt-8 (Christian et 
al. 1991); Xwnt-8myc, a human myc epitope-tagged Xwnt-8 
(Christian and Moon 1993); Wnt-1 (McMahon and Moon 1989); 
Xwnt-3A (Wolda et al. 1993); dnXwnt-8 (see above); dnWnt-1 
(see above); and lacZ (CS + n~gal; a gift from D. Turner), and 
injected in amounts indicated. Control RNAs used were either 
X-shh~s (a frame shifted Xenopus sonic hedgehog; Ekker et al. 
1995) or Wnt-lts (a frame-shifted Wnt-1 derivative; J.D. Brown, 
unpubl.). Where indicated, embryos and explants were pro- 
cessed for histology as described (Christian and Moon 1993). 
RT-PCR assays 
RT-PCR analyses were carried out as described previously (Cui 
et al. 1995). All primer sequences are given in the 5'---~ 3' 
orientation: Xpo primers: forward, CACTTAGGGATTGGTC- 
TCAGGAGTC and reverse, TGAGGGAGGGCTATGGTCT- 
AGG; Evxl primers: forward, ACCTATATGATGAGCCA- 
CGCAG and reverse, GCCGTTGGTTGAGGTACTAAGAC. 
Other primers were published previously [Histone H4 (Niehrs 
et al. 1994; Cui et al. 1995} and gsc (Hemmati Brivanlou et al. 
1994)]. 
RNA and protein localization 
In situ hybridization analysis was performed according to a 
standard protocol (Harland 1991) using probes for gsc (Cho et al. 
1991), noggin (Smith and Harland 1992), Xnr3 {Smith et al. 
1995), Xpo (Sato and Sargent 1991), and XMyoDa (Frank and 
Harland 1991). For the X-gal, myc antibody double staining, 
embryos were fixed in 3.7% formaldehyde in PBS for 45 min, 
then incubated in X-gal reaction mixture (Sanes et al. 1986) for 
1 hr, washed in PBS, and then taken through the antibody 
protocol described below. For the antibody staining, embryos 
were incubated with the muscle-specific 12/101 monoclonal 
antibody (Kintner and Broockes 1984) or the anti-myc monoclo- 
nal antibody 9E 10 and processed for whole-mount immunohis- 
tochemistry as described previously (Moon and Christian 1989). 
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